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calculations revealed that altering the degree of cation disorder 
from none to maximal disorder using the special quasirandom 
structure (SQS) approach can change the fundamental band 
gap from 2.09 to 1.12 eV. The possibility of realizing such a 
variation experimentally was supported by the observation of 
the cation-disorder-induced wurtzite phase in molecular-beam 
epitaxy-grown thin fi lms as opposed to the theoretically more 
stable orthorhombic phase. [ 3 ] The cation-ordered orthorhombic 
structure is a superstructure of wurtzite structure, with similar 
tetrahedral bonding, as described in ref.  [ 7 ] . 
 Here, the observed absorption edges as a function of free 
electron density for the differently grown fi lms are consistent 
with the room temperature fundamental band gap varying 
from 1.0 to 2.0 eV as the cation ordering increases. Moreover, 
the conduction and valence band density of states (DOS) 
have been calculated using hybrid DFT for the cation-ordered 
orthorhombic and cation-disordered SQS pseudowurtzite 
phases. Comparison of these DOS with photoemission data 
from single crystal ZnSnN 2 fi lms grown under different 
conditions indicates that samples with different degrees of 
cation ordering have been synthesised, opening up a new 
method for tuning the band gap of ZnSnN 2 fi lms. 
 The growth conditions for molecular-beam epitaxy (MBE) 
of the single crystal ZnSnN 2 thin fi lms are summarized in 
 Table  1 . The substrate temperature, the Zn:Sn fl ux ratio and 
the N 2 pressure were adjusted to vary the degree of cation 
disorder in the ZnSnN 2 in order to experimentally test the 
theoretical predictions. X-ray diffraction indicates that all the 
samples have the wurtzite structure rather than the fully ordered 
orthorhombic structure (and also that Zn-nitride and Sn-nitride 
phases are below the detection limit); specifi cally, the peak at 
22° which is characteristic of the orthorhombic structure is 
absent for all fi lms. [ 3 ] Thus, XRD characterization alone is insuf-
fi cient to exclude the possibility of a signifi cant variation of the 
degree of cation disorder within the samples grown under the 
range of conditions employed. Consequently, evidence of cation 
disorder induced variations in the band gap and band structure 
has been sought and found in the optical, transport and photo-
emission properties of the ZnSnN 2 fi lms. It is important to 
note here that in the nonequilibrium growth technique used in 
this study (plasma-assisted MBE), substrate temperature and fl ux 
ratio have a profound infl uence on adatom migration length, 
and hence how atoms incorporate into an epitaxially driven 
structure. Therefore, higher growth temperature is likely to 
produce a more ordered fi lm than a lower growth temperature. 
Kinetic processes dominate low temperature MBE as previously 
observed for the related material ZnSnP 2 . [ 8 ] This is in contrast 
to close-to-thermodynamic equilibrium growth methods where 
 Semiconductor material systems with tunable band gaps 
are of great interest for a variety of optoelectronic applica-
tions, including solid state lighting and solar cells. Interest 
in the Zn-IV-N 2 family of semiconductors has recently 
increased following the synthesis of the Sn-containing com-
pound, ZnSnN 2 . [ 1–5 ] The Zn-IV-N 2 family of materials has the 
potential to provide an earth abundant alternative to InGaN 
and the incumbent thin fi lm photovoltaic absorber materials 
(such as CdTe and CuInGaSe 2 ) for both light generating and 
light harvesting technologies. Absorption edges ranging from 
2.0 to 3.1 eV have already been demonstrated in Zn(Ge,Sn)
N 2 alloys. [ 6 ] Even wider spectral coverage from the infrared to 
the ultraviolet is predicted for Zn(Si,Sn)N 2 alloys. [ 7 ] However, 
an alternative to alloying for tuning the band gap of ZnSnN 2 
was recently proposed. Hybrid density functional theory (DFT) 
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thermodynamics dominates and the more disordered structure 
is expected at higher growth temperature. The energy difference 
between the cation-ordered and cation-disordered structures 
is 0.09 eV per atom. Using the regular solution approximation 
to Gibbs free energy, the temperature for the transition from 
order to maximal disorder is found to be 1209 °C. 
 The optical absorption data from ZnSnN 2 samples grown 
under the different conditions are shown in  Figure  1 . The 
absorption onsets vary between 1.33 and 2.38 eV. The absorption 
coeffi cient,  α , rapidly increases to 5 × 10 4 cm −1 (2.5 × 10 9 cm −2 
for  α 2 ) above each onset, a value typical of direct band gap 
semiconductors. The plot of  α 2 versus photon energy exhibits 
approximately linear behaviour, again consistent with a direct 
band gap. The features below the sharp onset are due to Fabry–
Perot oscillations associated with the 120–165 nm thickness of 
the ZnSnN 2 fi lms. The free electron densities of the samples, 
determined by Hall effect measurements, were found to vary 
between 1.3 × 10 19 and 1.1 × 10 21 cm −3 . The measured electron 
mobility was in the range 7–12 cm 2 V −1 s −1 for all samples. 
The free electron density did not vary with temperature, indi-
cating the presence of unintentional degenerate n-type doping. 
The absorption spectra are therefore expected to be infl uenced 
by conduction band fi lling, the well-known Burstein–Moss 
effect. [ 9,10 ] That is, transitions between the band extrema do 
not occur—only direct transitions from the valence band to the 
states at or above the Fermi level within the conduction band 
contribute to the absorption spectra. 
 The energy of the optical absorption edge of each fi lm 
is plotted against the corresponding free electron density 
in  Figure  2 a. It is immediately apparent that there is no simple trend 
of Burstein–Moss shift whereby the absorption onset increases as 
the free electron density increases. Therefore, these data points are 
compared with the Burstein–Moss shift expected for the calculated 
band structures of ordered and SQS disordered ZnSnN 2 . The DFT 
band structure for these two extremes in the vicinity of the Γ point 
are shown in Figure  2 b. At the Γ point, the band gap is 2.18 eV for 
the cation ordered othorhombic structure and 1.12 eV for the SQS 
cation disordered pseudowurtzite structure. The DFT bands were 
fi tted using a nonparabolic  k · P conduction band dispersion and 
parabolic valence bands; these are shown by the lines in Figure  2 b. 
This fi tting was used to determine the conduction band edge 
effective masses from the DFT. For the orthorhombic structure, 
the electron-effective masses are 0.10, 0.15, and 0.21 m 0 in the three 
different directions, giving a geometric mean value of 0.147 m 0 to 
be used in the calculations of optical gap versus free electron 
density. For the SQS disorderd pseudowurtzite structure, the 
electron effective mass is isotropic and is 0.12 m 0 . These effec-
tive masses were then used with the DFT band gaps, reduced by 
≈0.15 eV to account for room temperature, to generate a numerical 
conduction band density of states, incorporating conduction band 
nonparabolicity and band gap renormalization. [ 11 ] This was in 
turn used to calculate the Fermi level position with respect to the 
conduction band minimum as a function of free electron density 
for the cation ordered orthorhombic and SQS disordered pseudo-
wurtzite structures. The Fermi level position combined with the 
valence band dispersion enabled the optical gap to be determined 
as a function of free electron density. 
 The results are shown for the two extreme cases of cation 
ordered and SQS cation disordered ZnSnN 2 in Figure  2 a. The 
experimental data points on the fi gure fall close to the line 
for SQS cation disorder for samples grown under the most 
nitrogen-rich conditions. For the samples grown with the metal 
to nitrogen ratio increased by a factor of two, the data points lie 
between the lines corresponding to cation ordered orthorhombic 
and SQS disordered wurtzite. This is consistent with the X-ray 
diffraction results that show all samples are wurtzite; the peak 
at 22° characteristic of the orthorhombic structure ZnSnN 2 is 
absent for all fi lms. It also suggests that the degree of cation dis-
order is less in the samples grown under more metal-rich condi-
tions. This is expected as metal-rich conditions are likely to lead 
to higher quality growth of ZnSnN 2 , as in the case of conven-
tional III-nitrides. [ 12 ] Among these samples grown under more 
metal-rich conditions, increasing the Zn:Sn ratio and the growth 
temperature leads to a lower carrier density and data points lying 
closer to the line calculated for cation ordered ZnSnN 2 . A higher 
Zn:Sn ratio is likely to lead to fewer unintentional donors (such 
as Sn Zn antisites [ 13 ] related to excess Sn owing to the relatively 
high vapor pressure of zinc; this is also seen for the samples 
grown under less metal-rich conditions. As mentioned earlier, 
for low temperature MBE growth, higher growth temperature is 
expected to give a higher degree of cation ordering and a struc-
ture closer to that which is the most thermodynamically stable. 
 Taken together, the optical and DFT results imply that varying 
the growth conditions of ZnSnN 2 can alter the fundamental 
band gap by more than 1 eV by changing the degree of cation 
disorder. This is seen most clearly by comparing the two 
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 n [cm −3 ]
P35 400 39 2 × 10 −5 1.33 2.7 × 10 20 
P36 400 36 2 × 10 −5 2.12 1.1 × 10 21 
P50 400 36 1 × 10 −5 2.38 3.0 × 10 20 
P64 500 55 1 × 10 −5 2.18 1.4 × 10 19 
P65 450 55 1 × 10 −5 2.21 1.2 × 10 20 
 Figure 1.  Optical absorption spectra from ZnSnN 2 fi lms grown under 
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samples with  n ≈ 3 × 10 20 cm −3 , P35 and P50, which have 
absorption edges of 1.33 and 2.38 eV, respectively. 
 A few previous experimental studies of the optical properties 
of ZnSnN 2 have been reported by other groups. [ 2,4 ] Lahourcade 
et al. reported experimental optical gaps of 1.9 and 2.2 eV for 
sputtered polycrystalline ZnSnN 2 with electron concentra-
tions as high as 10 21 cm −3 . The X-ray diffraction data from this 
material was interpreted as indicating orthorhombic structure. 
The optical gap values were suggested to be consistent with 
Burstein–Moss shift and a DFT-calculated fundamental band 
gap of 1.42 eV for the orthorhombic material obtained using the 
HSE06 functional with  α = 0.25, that is, 25% of the semilocal 
generalized gradient approximation exchange potential 
replaced by screened Fock exchange. This DFT ZnSnN 2 band 
gap contrasts with the ≈2 eV values obtained using PBE0 and 
GW, [ 3,7 ] and the value of 1.84 eV obtained with HSE06 
and  α = 0.31. [ 13 ] Quayle et al., meanwhile, reported from wurtzite 
ZnSnN 2 a broad photoluminescence peak between 1.4 and 
1.6 eV and suggested the band gap is 1.7 eV from photolumi-
nescence excitation spectroscopy. [ 4,14 ] However, the carrier con-
centration was not reported due to the fi lms being supported by 
a Zn–Sn alloy, preventing meaningful Hall effect results from 
the ZnSnN 2 fi lms. Recently, there have been two separate 
reports of sputtered polycrystalline thin fi lms exhibiting lower 
carrier densities. [ 15,16 ] Deng et al. reported electron concentra-
tions between 2.3 × 10 17 and 1.6 × 10 18 cm −3 with band gaps 
estimated in the range 1.82 to 1.95 eV, but with signifi cant 
absorption above 1.4 eV. [ 15 ] Fioretti et al. reported carrier densi-
ties between 1.8 × 10 18 and ≈4.5 × 10 20 cm −3 with the highest 
mobility being 8 cm 2 V −1 s −1 . The lowest carrier densities are 
for Zn-rich fi lms and with stoichiometric fi lms all having free 
electron density of greater than 10 20 cm −3 . Absorption onsets for 
these fi lms were between 1.0 and 1.4 eV with the lowest carrier 
density fi lms all having their absorption edge close to 1.0 eV. [ 16 ] 
All of the experimental results reported so far can, therefore, 
be interpreted in terms of the presence of cation disorder, a 
fundamental band gap varying with decreasing disorder from 
1.0 to 2.0 eV and Burstein–Moss shift. 
 In order to investigate further the cation disorder in the MBE-
grown fi lms, hard X-ray photoemission spectroscopy (HAXPES) 
has been used to measure the valence band spectra of the 
ZnSnN 2 samples grown under different conditions to compare 
them to the valence band density of states calculated by DFT 
for the cation ordered orthorhombic and SQS disordered 
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 Figure 2.  a) Optical absorption edge versus free electron density for the ZnSnN 2 fi lms. The calculated dependence of absorption on free electron 
density is also shown for the two extreme cases of cation ordered (blue dashed line) and fully cation disordered (red solid line) ZnSnN 2 . The calculations 
are performed using  k · P band structures fi tted to the DFT results close to the Γ point. The square points correspond to samples grown under less 
metal-rich conditions and triangular points to those grown under more metal-rich conditions. b) DFT band structure (points) and  k · P fi tting for cation 
ordered orthorhombic (blue solid lines) and SQS cation disordered pseudowurtzite (red dashed lines) ZnSnN 2 .
 Figure 3.  Valence band and shallow core level HAXPES data from two 
different ZnSnN 2 fi lms, compared with hybrid DFT broadened density of 
states (DOS) for the cation-ordered orthorhombic structure (dashed line) 
and the SQS cation disordered pseudowurtzite structure (solid line). The 
zero of the binding energy scale corresponds to the Fermi edge of both 
samples; the calculated DOS are then aligned by setting the centre of 
Sn 4d peak to the same energy as for P50. The DOS intensity scale is the 
same for both the ordered and SQS cation disordered cases and the HAXPES 
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pseudo wurtzite structures. The use of HAXPES circumvents 
issues associated with surface preparation required for traditional 
XPS, because of the combination of increased attenuation length 
and reduced sensitivity to adventitious carbon, and oxygen spe-
cies. As a result, the carrier concentrations of the measured fi lms 
were not modifi ed by in-vacuum annealing or sputtering. [ 17 ] 
 The HAXPES data for the valence band and shallow core 
levels are shown in  Figure  3 for two samples grown under 
identical conditions except that one was grown under less 
metal-rich conditions (P36) and one was grown under more 
metal-rich conditions (P50). The DFT calculated densities 
of states are also shown after cross section correction, [ 18 ] and 
after broadening (see the Experimental Section). The different 
Sn 4d to Zn 3d separations in the calculated spectra are char-
acteristic of the extremes of cation disorder, from the cation 
ordered orthorhombic structure with the smallest separation 
(15.75 eV) to the higher separation (16.49 eV) for the wurtzite 
structure with SQS cation disorder. By comparison with the 
calculated spectra, the sample grown under less metal-rich 
conditions (P36) has a greater degree of cation disorder than 
the one grown under more metal-rich conditions (P50). The 
experimental curves were aligned using the Fermi edge emis-
sion from the ZnSnN 2 fi lms. The calculated DOS were in turn 
aligned by setting their Sn 4d semicore level energy for all cal-
culated spectra to the value of 26.67 eV found for both P36 and 
P50, enabling direct comparison between the experimental 
spectra and the calculated DOS. In Figure  3 , good agreement 
is apparent in terms of spectral shape and peak energies 
between P36 and the calculated DOS for the SQS disordered 
pseudowurtzite phase. The Zn 3d semicore level of P50, 
meanwhile, lies between the DFT calculated endpoints of 
SQS cation disorder and completely cation ordered, consistent 
with P50 being less disordered than P36, as expected for more 
metal-rich growth conditions. These particular results should 
be viewed in the context of DFT generally not being very good 
for calculating the correct energies of semicore levels. However, 
the method used here, the PBE0 approach, is known to give 
better results than standard DFT. 
 The degenerate nature of the fi lms means that, in addition 
to the valence band, some conduction band states are also occu-
pied and are apparent in the HAXPES spectra with a Fermi 
edge and low intensity conduction band emission feature. This 
enables HAXPES to be used to confi rm the difference in optical 
gap between these two fi lms—the Fermi edge to valence band 
onset separation is ≈2.15 eV for P50 and ≈1.90 eV for P36. The 
difference between these two values of 0.25 eV is comparable 
with the difference of 0.26 eV between optical gaps deter-
mined from absorption data for these samples. The Fermi edge 
to valence band onset values are about 0.2 eV lower than the 
optical gaps as they represent the valence band maximum to 
Fermi level separation as opposed to the direct transition seen 
in optical data at the Fermi wavevector from slightly lower in 
the valence band to the Fermi level. 
 In conclusion, the earth abundant element semiconductor 
ZnSnN 2 has been grown by molecular-beam epitaxy with var-
ious substrate temperatures, Zn:Sn ratios and metal:nitrogen 
ratios. All the samples have the wurtzite structure as opposed 
to the expected most thermodynamically stable orthorhombic 
structure. Density functional theory calculations of the band 
structure of cation ordered orthorhombic and fully cation dis-
ordered pseudowurtzite ZnSnN 2 have enabled  k · P parameters 
to be determined for each of these cases. This in turn allowed 
the variation of the optical gap with free electron density to be 
calculated for the two extremes of cation disorder, including 
the effects of conduction band non-parabolicity and band gap 
renormalization. The optical gaps determined from absorp-
tion spectroscopy (1.33–2.38 eV) and the free electron densities 
from Hall effect data (1.4 × 10 19 to 1.1 × 10 21 cm −3 ) fall between 
the curves calculated for these extreme cases and the inferred 
degree of cation disorder correlates with the growth condi-
tions. Comparison of HAXPES valence band spectra from two 
samples grown under different conditions with DFT-calculated 
valence band DOS for ordered orthorhombic and fully disor-
dered pseudowurtzite ZnSnN 2 provides further evidence of dif-
fering degrees of cation disorder in the ZnSnN 2 samples. These 
results indicate that the fundamental band gap of ZnSnN 2 can 
be varied between 1.0 and 2.0 eV by tuning the degree of cation 
disorder by varying the growth conditions, precluding the need 
for alloying. This suggests ZnSnN 2 has potential as an earth 
abundant semiconductor for solar cells and other optoelec-
tronics. Further work to reduce the free electron density and 
also to develop intentional n- and p-type doping is required for 
applications of this promising material. This methodology of 
varying the band gap by tuning the degree of cation disorder is 
applicable to other heterovalent ternary semiconductors. 
 Experimental Section 
 Molecular-Beam Epitaxy : Single crystal ZnSnN 2 fi lms were grown by 
 N -plasma-assisted molecular-beam epitaxy on yttria-stabilized cubic 
zirconia (111) substrates broadly as described in refs.  [ 3 ] and  [ 5 ] . The 
fi lm thicknesses were in the range 120–165 nm as determined by cross-
sectional scanning electron microscopy. The substrate temperatures, 
N 2 pressures and nominal Zn:Sn fl ux ratios, as determined by quartz 
crystal micro balance, used for the growth of the different fi lms are 
shown in Table  1 . All fi lms grown with an appropriate overpressure 
of Zn (which must be increased when increasing the substrate 
temperature) exhibit stoichiometric Zn to Sn ratio, within the accuracy of 
the Rutherford backscattering spectrometry employed. 
 Optical Absorption and Hall Effect : Near-infrared and visible 
refl ectance and transmittance measurements at an incident angle of 
11° relative to the surface normal were performed at room temperature 
using a Bruker Vertex 70V Fourier-transform infrared (FTIR)/visible 
spectrometer using a tungsten lamp, a Si diode detector, and a quartz 
beamsplitter. The transmittance and refl ectance spectra were used to 
calculate the absorption coeffi cient. Hall effect measurements were 
performed between 25 and 300 K in the Van der Pauw confi guration with 
a 0.8 T magnetic fi eld using a Semimetrics system. 
 HAXPES : The HAXPES measurements were performed at the 
National Institute of Standards and Technology (NIST) bending magnet 
beamline X24 at the National Synchrotron Light Source (NSLS) at 
Brookhaven National Laboratory. Measurements were performed using 
a photon energy  hν = 4000 eV, with a pass energy of 500 eV, with a 
Gaussian instrumental broadening of 0.5 eV. The binding energy axis 
was referenced to the Au 4f 7/2 peak and Fermi edge of the Au foil in 
contact with the fi lm. The emission angle was set to 85° to the surface 
plane to increase the bulk sensitivity. 
 Band structure calculations were performed using the periodic 
DFT code VASP [ 19,20 ] in which a plane-wave basis set describes the 
valence electronic states. The Perdew–Burke–Ernzerhof (PBE) gradient 
corrected functional was used to treat the exchange and correlation. [ 21 ] 
The projector augmented wave method was used to describe the 
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interactions between the cores (Zn:[Ar], Sn:[Kr], and N:[He]) and the 
valence electrons, [ 22,23 ] so that the Zn 3d and Sn 4d states were explicitly 
included. In this study, we have employed the hybrid density functional 
PBE0 developed by Adamo and Barone [ 24 ] as implemented in the VASP 
code. [ 25 ] To simulate the cation disordered system, a 72 atom super 
cell was generated using the special quasirandom structures (SQS) 
approach, [ 26 ] in which the most relevant atom-atom correlations of 
the cations approach that of a random alloy. In detail, the 36 N atoms 
in the 72-atom SQS supercell have the following nearest neighbour 
confi gurations: 1 bonded to 4 Zn atoms, 1 bonded to 4 Sn atoms, 
11 bonded to 3 Zn, and 1 Sn atoms, 12 bonded to 2 Zn, and 2 Sn atoms, 
and 11 bonded to 1 Zn, and 3 Sn atoms. For comparison with the 
experimental HAXPES data, the calculated the partial densities of states 
have been weighted by their orbital cross-sections for  hν = 4000 eV, and 
after convolution with Lorentzian and Gaussian lineshapes to refl ect the 
lifetime broadening (0.1 eV) and the instrumental broadening of the 
photoemission system (0.5 eV). 
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